This paper is dedicated to the micromagnetic study of the temperature dependence of interactions in samples increasingly structured, with the standard deviations of the volume and orientation distributions becoming smaller and smaller. We have used the stochastic Landau-Lifshitz-Gilbert equation, observed the evolution of the interaction field distribution as a function of temperature during a number of magnetization processes and analyzed separately the contributions of the superparamagnetic and blocked particles. © 2005 American Institute of Physics. ͓DOI: 10.1063/1.1844933͔
INTRODUCTION
The study of nanoparticulate assemblies is important from both the fundamental and technological points of view. In these systems the particle interactions and thermally activated reversal of magnetization are essential. In the Preisach model the system is considered as a statistical ensemble with a distribution of interaction fields over which a field proportional to the magnetic moment of the ensemble is superposed. We have shown that both the mean interaction field and interaction field distribution dispersion depend on the magnetic moment of the sample.
1 When the relaxation is important the statistical interaction field fluctuates at a high rate. These interactions are qualitatively different from the static ones, and they are called dynamic interactions. Timeand temperature-dependent Preisach-Néel models [2] [3] [4] have been developed. These models are based on the concept of a critical curve which separates the blocked and superparamagnetic particles. Recently 5 we have presented a micromagnetic analysis of the hypothesis of the Preisach-Néel models and we have proposed a statistical criterion to identify the superparamagnetic particles: using the stochastic Landau-Lifshitz-Gilbert 6 equation we have calculated the projection of the magnetic moment of each particle in the direction of the applied field and its mean value and its dispersion over the last 500 000 steps of the numerical integration. For a particle which does not fluctuate, = 0; for a particle with a uniform distribution of the orientation in the space, =1/ ͱ 3; and for a particle which have only "up" and "down" positions, = 1. As a criterion to separate the blocked and superparamagnetic particles ͑bs criterion͒ we have taken the dispersion . The simulated system had a distribution of the volumes, anisotropies, and easy axes orientation. In this paper we are extending the analysis to nanostructured systems, with the dispersions of the volume and orientation distributions becoming smaller and smaller, which are important due to their technological application as high-density recording media.
MICROMAGNETIC MODEL
We have made simulations on systems of a few thousands magnetostatic interacting uniaxial single-domain spherical particles lying in a regular network formed within one layer so that the fast Fourier transform ͑FFT͒ technique can be applied in order to compute the interaction field. Two types of systems have been simulated. Firstly generated is a system with large Gaussian distributions of the volumes ͑mean value of 1.5ϫ 10 −26 m 3 , dispersion v = 0.3 with regard to mean value͒ and anisotropy constant ͑mean value of 700 kJ/ m 3 , dispersion k = 0.3͒, uniform distributions being assumed for both the polar and azimuthal angle of orientation of the easy axis of the particles. The saturation magnetization is 1440 kA/ m. Secondly generated are increasingly structured samples, without a distribution of the anisotropy constant, with the easy axes uniformly distributed within a cone of semiangle = 5°, 10°, and 20°, respectively, with axis into the sample plane, and for each value of the , v = 0.1 and 0.2, respectively. The packing ratio was varied in order to observe the variation of the interaction intensity. Periodic boundary conditions are used. No temperature dependence of the anisotropy constant and saturation magnetization are taken, only a fluctuating stochastic field is added to the effective field. The stochastic Landau-Lifshitz-Gilbert equation 6 is numerically integrated using the Heun method.
RESULTS
Field-cooled ͑FC͒ and zero-field-cooled ͑ZFC͒ curves at low field are very useful for evidencing superparamagnetic properties. In Figs. 1 and 2 present the ZFC curves for a system with wide distributions of the dimension, anisotropy, and orientation of the particles and for a system with narrow distributions, respectively. In our simulations the applied magnetic field is in the plane of the sample. All the figures presented are obtained for a packing ratio of f = 0.46; the results are similar for all values of f considered. It can be seen that in the second case the increasing portion is more abrupt than in the first case, that is the transition blockedsuperparamagnetic is made in a narrower temperature interval. Practically all particles are either blocked at temperature T Ͻ T max ͑T max being the temperature at which ZFC curves show a maximum͒ or superparamagnetic at T Ͼ T max . The curves follow the same variation for different values of the dispersion.
By systematic simulations it was observed that the volume dispersion influenced significantly the curve shape of small angular dispersions, while for wide angular dispersions the influence of the volume dispersion becomes negligible. Increases of the volume dispersion determine the flattening of the maximum of the ZFC curve and its shift toward higher temperatures.
The dispersion of the interaction field distribution on the ZCF curve decreases with the temperature ͑Fig. 3͒ due to the decay of the weight of blocked particles, while the variation of the mean interaction field is similar with the ZFC curve. At high temperature the mean interaction field which acts to a particle is very small because the particle reaches the thermodynamic equilibrium. For the structured system the decrease of the dispersion is very abrupt at temperature T max , while for the system with wide distributions the decrease is more slowly.
As we have expected the structure of the interaction field distribution became complicated once the network tended to a perfect network:
9,10 instead of a distribution with one maximum, a structure with many maxima appeared. We have obtained a distribution with two maxima for the system with wide distributions ͓Fig. 1͑b͔͒, and a distribution with three maxima for the system with narrow distributions ͓Fig. 2͑b͔͒, that can be associated to a higher order in the system. On the ascending branch of the ZFC curves, where the static interactions are dominant, the positions of the maxima do not change, since they are given by the geometrical configuration. Only their amplitude changes with temperature due to the mean interaction field. In consequence the dispersion of the interaction field distribution is practically constant ͓Fig. 3͑b͔͒. For T Ͼ T max , where the dynamic interactions dominate, only the maximum corresponding to the saturation remains. Its dispersion diminishes, but becomes stable at a certain small residual value.
To better differentiate static from dynamic interactions let us analyze two states with the same total moment for two temperatures: T 1 Ͻ T max and T 2 Ͼ T max . In these two states the interactions between particles have different sources: in the first case the particles are blocked and have static statistical interactions, while in the second case the particles are superparamagnetic and have dynamic interactions. The static interactions determine a structure of the interaction field distribution with many maxima, while the dynamic interactions determine a structure with only one maximum. To separate the blocked and superparamagnetic particles we have calculated the dispersion of the projection of the magnetic moment of each particle on the direction of the applied field over the last 500 000 steps of the numerical integration. If the dispersion is less than a certain value bs then the particle is blocked, otherwise it is superparamagnetic. In Fig. 4 the blocked and superparamagnetic contributions to the ZFC curve are analyzed for a structured system ͑ = 5°and k =0͒ for two values of the volume dispersion: v = 0.1 and v = 0.2. In the first case for a bs = 0.05 criterion the ascending branch of the ZFC is done only by blocked particles, while in the second case it is done by both types of particles. A similar analysis made on the system with wide distributions gives bs = 0.1 as a good criterion to separate blocked and superparamagnetic particles. Thus, a larger dispersion of the mentioned distributions determines an increase of the values of the separation criterion.
CONCLUSIONS
As the distribution of the particles tends towards a perfect structured medium, practically all the particles are blocked for temperature smaller than temperature T max at which the ZFC curves show a maximum and suddenly all the particles become superparamagnetic for higher temperature. The value of the criterion bs which separates blocked and superparamagnetic particles decreases as the systems become more structured.
Once the network converges to a perfect network the interaction field distribution has more than one maximum due to the geometrical configuration. The distribution is strongly dependent on the sample temperature. For T Ͻ T max the positions of the maxima do not change, only their values change, and for T Ͼ T max only the maximum remains corresponding to the saturation, its position and amplitude change with the temperature.
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